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Abstract ACTH-secreting pituitary tumors are by defini-
tion partially autonomous, i.e., secrete ACTH independent
of physiological control. However, only few, small-sized
studies on proopiomelanocortin (POMC) and its regulation
by corticotropin-releasing hormone (CRH) or glucocorti-
coids are available. Objective of the present study was to
report on constitutive and CRH- and dexamethasone-reg-
ulated POMC, CRH (CRH-R1), and glucocorticoid receptor
(NR3C1) gene expression in a large series of human cor-
ticotrope adenomas. Fifty-three ACTH-secreting adenomas
were incubated with 10 nM CRH or 10 nM dexamethasone
for 24 h. POMC, CRH-R1, NR3C1, and its alpha and beta
isoforms were quantified and medium ACTH measured.
Constitutive POMC expression proved extremely variable,
with macroadenomas exhibiting higher levels than
microadenomas. POMC increased during CRH in most
specimens; conversely, changes induced by dexamethasone
were varied, ranging from decrease to paradoxical increase.
No correlation between POMC and ACTH was detected in
any experimental condition. CRH-R1 expression was not
linked to the response to CRH while NR3C1 was expressed
at greater levels in specimens who failed to inhibit during
dexamethasone; glucocorticoid receptor a was the more
abundant isoform and subject to down-regulation by dex-
amethasone. Our results demonstrate a considerable vari-
ability in POMC expression among tumors and no
correlation between POMC and ACTH, suggesting that
POMC peptide processing/transport plays a major role in
modulating ACTH secretion. Further, CRH-R1 and NR3C1
expression were not linked to the expected ligand-induced
outcome, indicating that receptor signaling rather than
abundance determines corticotrope responses. Our findings
pave the way to new avenues of research into Cushing’s
disease pathophysiology.
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Introduction
ACTH-secreting pituitary tumors are characterized by
autonomous yet still responsive ACTH secretion. ACTH
secretion is autonomous in as much as the tumoral corti-
cotrope continues to secrete ACTH notwithstanding high
cortisol levels, thus appears insensitive to physiological
negative feedback. On the other hand, ACTH secretion by
tumoral corticotropes is sensitive to stimulation by corti-
cotropin-releasing hormone (CRH) and inhibition by high
doses of synthetic steroids. Indeed, sensitivity to the two
major regulators of the hypothalamo-pituitary-adrenal
(HPA) axis is unique to pituitary ACTH-secreting tumors
and allows the distinction from extrapituitary ACTH-
secreting tumors [1].
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Mechanisms underlying the preserved sensitivity to
CRH and high doses of corticosteroids are as yet unknown.
No mutation in the glucocorticoid receptor (GR) gene
(NR3C1) has been detected except for anecdotal patients
with large, invasive tumors [2]. Alterations in factors
which modulate corticosteroid action on the proopiome-
lanocortin (POMC) promoter, e.g., Brg1 [3], or its intra-
pituitary availability, e.g., 11ßHSD [4] have been reported
but appear variably linked to tumoral sensitivity to steroid-
induced suppression. As regards the main pituitary CRH
receptor isoform, CRH-R1, studies on a dozen of adeno-
matous specimens revealed wild-type sequence and over
expression compared to normal pituitaries [5, 6]. Of note,
current knowledge on tumoral corticotrope secretory
pathophysiology is based upon studies performed on small
series of specimens, a consequence of the rarity of Cush-
ing’s disease and paucity of available surgical material.
Indeed, POMC expression itself has been evaluated in
studies reporting on 20 tumoral specimens at most [7, 8].
The aim of the present study was to expand upon our
recent findings on a large series of ACTH-secreting pitu-
itary adenomas [9]. In this study, we reported on the
marked variability in ACTH secretion by human corti-
cotrope tumors in vitro. Given this premise, we decided to
evaluate POMC expression as well as CRH-R1 and glu-
cocorticoid receptor expression in ACTH-secreting pitu-




Fifty-three ACTH-secreting pituitary adenomas were col-
lected during surgery and established in culture according
to our usual protocol (see below). Diagnosis of Cushing’s
disease had been established by standard diagnostic pro-
cedures [1, 10]. The cohort comprised 46 women and 7
men with overt pituitary-dependent hypercortisolism, 24
macroadenomas (i.e., [10 mm diameter) and 29
microadenomas (\10 mm diameter). Of note, the present
series includes 33 adenomas from the previous study on
ACTH secretion [9] and 20 additional specimens. None of
the patients had been treated with cabergoline or pasireo-
tide prior to surgery. As regards responses to dynamic tests,
an increase in plasma ACTH by at least 30 % was con-
sidered a response to CRH testing whereas a decrease by at
least 50 % in urinary or serum cortisol was considered a
response to high-dose dexamethasone testing. The study
was approved by the Ethical Committee of our Institution,
and informed consent was obtained from patients at the
referring neurosurgical centers. Surgical outcome was
defined on clinical (e.g., development of adrenal insuffi-
ciency and/or requirement for steroid replacement therapy)
and hormonal grounds (i.e., decrease of morning serum
cortisol to below the normal range, normalization of uri-
nary free cortisol) [11].
Pituitary adenoma primary cultures
Tumoral specimens were dispersed by enzymatic digestion
[9, 12, 13] and plated at 20 9 103 to 300 9 103 per well,
according to specimen abundance. Cells were attached in
DMEM, 10 % fetal calf serum and antibiotics for 3–5 days,
then washed with DMEM and 0.1 % BSA prior to chal-
lenge with 10 nM CRH or 10 nM dexamethasone (all
reagents from Sigma-Aldrich, St. Louis, MO, USA).
Control wells were incubated with DMEM ? 0.1 % BSA
alone and each treatment was performed in triplicate or
quadruplicate, depending upon cell abundance. After 24 h
incubation, medium was collected for ACTH measurement
[9] and cell RNA extracted (TRIzol reagent, Invitrogen,
Milan, Italy).
ACTH assays
ACTH was measured immunoradiometric assay (IRMA);
the IRMA Advantage kit (Nichols Institute, San Juan
Capistrano, CA, USA) was used from 2000 to 2005 (20
tumoral specimens) then with the kit (33 tumoral speci-
mens) provided by Diasorin (Saluggia, Italy) according to
manufacturers’ instructions; sensitivity and intraassay
coefficient of variation are 1.5 pg/ml and 4.8 %, 1.2 pg/ml
and 5.9 %, respectively, for Nichols Institute and Diasorin
assays. All samples from a given specimen were measured
in the same run. Only pituitary cultures secreting at least
10 pg/105 cells ACTH were included in the study, in order
to ensure the presence of tumoral corticotropes. Indeed,
normal corticotropes are silenced by long-standing hyper-
cortisolism in patients with Cushing’s disease as over
1 year is usually required for recovery of normal corti-
cotropes [14] and reappearance of the ACTH response to
CRH [15]. Within specimen variability of spontaneous
ACTH secretion, calculated as the coefficient of variation
(i.e., SD/mean), averaged 7 %; a difference of at least
20 % from control ACTH secretion, i.e.,[twofold greater
than the variability of spontaneous secretion, was taken to
indicate a response [16]. The proportion of ACTH
responders to CRH was 58 and 63 % among specimens
collected prior to 2011 [9] and in the following 5 years,
respectively. As regards the ACTH response to dexam-
ethasone, inhibition was observed in 50 % of specimens
from the 2011 series [9] and in 40 % of specimens col-
lected thereafter.
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Quantitative real-time PCR
RNA (100 ng) was reverse-transcribed by Superscript Vilo
cDNA synthesis Kit (Invitrogen, Milan, Italy) and quanti-
tative Real-Time PCR performed on a 7900 HT sequence
Detection System (Applied Biosystem, Foster City, CA,
USA), using Platinum Quantitative PCR Supermix-UDG
with premixed ROX. Taqman assay (Applied Biosystem,
Foster City, CA, USA) was used for detection of the fol-
lowing genes: POMC (probe Hs00174947_m1), CRH-R1
(probe Hs01062290_m1), NR3C1 i.e., glucocorticoid
receptor (probe Hs00230813_m1), RPLP0 i.e., house-
keeping gene (probe Hs99999902_m1). SYBR green assay
(Applied Biosystem, Foster City, CA, USA) was used to
discriminate between glucocorticoid receptor (GR) iso-
forms according to the procedure devised by Ma et al. [17].
The following primer pairs GRa forward CTATGCATG
AAGTGGTTGAAAA and reverse TTTCAGCTAAC
ATCTCGGG; GRß forward GAAGGAAACTCCAGCC
AGAA and reverse CCACATAACATTTTCATGCAT
AGA, both normalized to GAPDH (forward GGACCTG
ACCTGCCGTCTAG, reverse TAGCCCAGGATGCC
CTTGAG) were used. The melting curve of PCR products
allowed separation of genuine products from non-specific
products and primer dimers. Basal expression data (2-DCt)
were calculated and normalized to RPLP0 or GAPDH,
respectively, in order to normalize for cell abundance;
expression after treatment was analyzed as 2-DDCt and
expressed in fold increase. Of note, CRH or dexamethasone
treatments did not affect housekeeping gene expression.
Supplementary information lists the number of specimens
available for each analysis.
Statistical analysis
Data are expressed as mean ± SEM. Differences between
groups were established by Wilcoxon signed rank test or
Mann–Whitney test, as appropriate. Associations between
variables were assessed by linear regression analysis. Sig-
nificance was accepted for p values\0.05.
Results
Quantification of POMC mRNA revealed abundant gene
expression and considerable variability among tumoral
specimens with up to 100-fold greater expression in some
specimens (Fig. 1a). Subgroup analysis showed that
macroadenomas exhibit higher levels of POMC compared to
microadenomas (180.6 ± 61.05 vs. 49.5 ± 14.62 normal-
ized expression, p\ 0.05) but none of the other variables,
e.g., sex, age, and surgical outcome, proved a significant
contributor to POMC variability. POMC expression was not
correlated with ACTH secretion in the same specimen
(r = 0.04, N.S.; Fig. 2a). Lastly, no difference in POMC
expression was observed between specimens collected prior
to 2011 [9] and thereafter (121.7 ± 42.69 vs. 94.5 ± 48.80
normalized expression, N.S.).
The CRH-R1 receptor gene was expressed at variable
levels in corticotrope tumors (Fig. 1b); no difference
according to tumor size was observed (0.09 ± 0.01 vs.
0.08 ± 0.02 normalized expression for macro- and
microadenomas, respectively, N.S.)
Expression of the glucocorticoid receptor gene was more
abundant than CRH-R1 (Fig. 1c) and evenly distributed
among specimens. In fact, no differences according to
tumor size or surgical outcome were observed (0.94 ± 0.13
vs. 0.68 ± 0.12 normalized expression for macro- and
microadenomas, respectively, N.S; 0.87 ± 0.11 vs.
0.67 ± 0.15 normalized expression for cured and uncured,
respectively, N.S.). As regards GR isoforms, GRa was
markedly more abundant than GRß; in fact the latter was
undetectable in over 50 % of specimens (36.9 ± 6.31 vs.
0.04 ± 0.01 normalized expression for GRa and GRß,
respectively, p\ 0.05). The GRa:GRß ratio ranged from
1000 to 1.000.000. No differences between GR isoforms
were observed as regards tumor size or surgical outcome.
Upon incubation with CRH, POMC increased markedly
(1.63 ± 0.13 over baseline, p\ 0.0001), as shown in Fig. 3a.
Of interest, thePOMC andACTH responses to CRHwere not
correlatedwith each other (r = -0.02, N.S.; Fig. 2b) nor was
the increase in POMC more pronounced in patients who
responded to CRH stimulation prior to surgery (1.65 ± 0.35
vs. 1.99 ± 0.29over baseline, for invivoCRHresponders and
non-responders, respectively, N.S.). Overall, the in vitro
POMC response pattern concurred in the in vivo CRH
response pattern in 60 % of patients. There was no significant
association between either response and CRH receptor
abundance (r = 0.24, N.S. for POMC and CRH-R1 and
r = 0.2, N.S. for ACTH and CRH-R1). Indeed, CRH-R1
levels were comparable among CRH responders and non-re-
sponders (0.09 ± 0.01 vs. 0.07 ± 0.03 normalized expres-
sion, N.S.). An increase in CRH-R1 was observed during
incubation with CRH (2.08 ± 0.29 over baseline, p\ 0.05),
whereas CRH-R1 decreased markedly during incubation with
dexamethasone (0.25 ± 0.09 over baseline, p\ 0.05).
Incubation with dexamethasone led to a decrease in
POMC expression in most specimens (Fig. 3b). However,
analysis of individual tumor cultures revealed that dex-
amethasone failed to inhibit POMC in some 20 % and even
induced a paradoxical increase in POMC scattering of
tumors (Fig. 3b). Of note, no difference in the proportion
of high-dose dexamethasone responders in vivo was
observed in the three groups (75, 55, and 80 % for speci-
mens which inhibited, did not inhibit or presented a para-
doxical POMC increase, respectively, N.S). Further, no
Endocrine (2017) 55:853–860 855
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difference according to sex, size of the adenoma and
in vivo as well as in vitro CRH response status was
observed (data not shown). As for baseline and CRH
stimulation, POMC and ACTH response patterns were not
correlated (r = -0.17, N.S.; Fig. 2c). Further, changes in
POMC did not differ significantly according to the
response to high-dose dexamethasone testing prior to sur-
gery (1.00 ± 0.16 vs. 0.85 ± 0.13 over baseline, for
in vivo high-dose dexamethasone responders and non-re-
sponders, respectively, N.S.) and an in vitro–in vivo con-
cordance in the dexamethasone response pattern was
observed in 43 % of patients only. Interestingly, gluco-
corticoid receptor mRNA was more abundant in specimens
that failed to inhibit during incubation with dexamethasone
(1.12 ± 0.15 vs. 0.62 ± 0.09 normalized expression for
non-inhibitors and inhibitors, respectively, p\ 0.01) and,
indeed, was positively correlated with the ACTH response
to dexamethasone (r = 0.61, p\ 0.005). Much like
NR3C1 expression, both GR isoforms were slightly more
abundant in specimens who failed to inhibit, although this
did not reach statistical significance (GRa: 54.0 ± 15.7 vs.
24.0 ± 7.48 for non-inhibitors and inhibitors, respectively,
N.S., GRß: 0.06 ± 0.004 vs. 0.02 ± 0.006 non-inhibitors
and inhibitors respectively, N.S.). Dexamethasone also
modulated GRa expression, roughly halving levels com-
pared to baseline (0.64 ± 0.08, p\ 0.05); no change in
GRß during incubation with dexamethasone was recorded
(0.92 ± 0.18 over baseline, N.S.).
Discussion
The past few years have brought considerable progress in
the knowledge of molecular changes in ACTH-secreting
pituitary tumors, e.g., the involvement of epidermal growth
factor [18] and orphan nuclear receptor TR4 [19], differing
miRNA patterns [20], and, lately, also the presence of
somatic mutations [21]. Lesser advances have been made
as regards the response of tumoral corticotropes to the two
main modulators of ACTH secretion, namely CRH and
corticosteroids. In point of fact, a key feature of ACTH-
secreting pituitary adenomas is that although ACTH
secretion is autonomous, i.e., inappropriately high given
excess cortisol levels, it remains sensitive to both CRH and
strong negative feedback. In a clinical setting, responses to
either CRH or steroid testing represent the framework for
both diagnosis and assessment of treatment of Cushing’s
disease [1, 11]; thus, a better understanding of the under-
lying mechanisms is needed.
Studies on human ACTH-secreting pituitary adenomas
are constrained by the rarity and size of adenomatous
specimens. In fact, past studies report on 20 specimens at
most, more often\10, and frequently macroadenomas [22–
24]. Thus, results may be biased by specimen selection;
indeed, one study reported that adenomas are not respon-
sive to CRH [24] but the same investigators showed that
CRH does stimulate ACTH in subsequent experiments
[25]. Further, a study on three ACTH-secreting adenomas
reported a different hormonal phenotypic pattern in each
specimen [26]. The present series on over 50 specimens
represents the largest collection of adenomas reported up to
now except for our previous series on 72 specimens [9] and
provides representative data on this rare and complex
disorder.
In this study, we analyzed the expression profiles of the
three most important genes related to corticotrope secre-
tion, namely POMC, CRH receptor subtype 1, and gluco-
corticoid receptors a and ß, both in basal condition and
during incubation with CRH or dexamethasone. We can
thus provide data on constitutive and modulated gene
Fig. 1 Constitutive expression
of POMC, CRH-R1 and NR3C1
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expression in adenomatous corticotropes, associated with
tumor features and response to CRH and steroids.
First of all, we observed a considerable variability in
POMC expression among corticotrope tumors. Other
studies had evaluated POMC expression by in situ
hybridization [7, 27] or RT-PCR [6, 8, 28] and reported on
variable POMC signal intensity and expression levels. Of
note, POMC signal density did not appear correlated with
ACTH intensity assessed by immunohistochemistry [7,
27], a finding in keeping with our observation of absent
correlation between POMC and ACTH. We observed
divergent POMC and ACTH behavior in a given specimen
both as regards constitutive as well as CRH- or dexam-
ethasone-induced changes. Similar discrepancies have been
reported during pharmacological challenges [29, 30] and
support previously expressed hypotheses [7, 29] suggesting
different regulatory mechanisms for POMC expression and
ACTH secretion in corticotrope adenomas.
Along the same line, although POMC expression was
greater in macroadenomas compared to microadenomas, no
significant difference in spontaneous ACTH secretion
according to tumor size could be detected in this as well as
in larger series [9]. Impaired processing of POMC to
ACTH has been observed in macroadenomas [31], a find-
ing which may contribute to this result. Macroadenomas
did not differ from microadenomas in any of the other
parameters tested, e.g., CRH-R1 and NR3C1 expression,
responsiveness to CRH or dexamethasone, supporting the
concept that adenoma growth [32] does not proceed in
parallel with hormonal activity.
Incubation with CRH brought about an increase in
POMC in the majority of adenomatous specimens, in
agreement with studies on some 10 ACTH-secreting ade-
nomas [22, 33]. The present large series showed a highly
individualized tumor response, from absent to lively. In
fact, POMC increased from 20 to 500 % over baseline
during CRH stimulation, even up to 14-fold in one ade-
noma. Interestingly, the magnitude of POMC increase was
not correlated with CRH receptor abundance, a finding
which dovetails with data obtained at immunohistochem-
istry showing that CRH-R1 staining density in adenomas is
not proportional to the ACTH response to CRH [34].
Further, neither the in vivo nor the in vitro response to
CRH was correlated with CRH-R1 expression, suggesting
that differences in receptor processing/signaling rather than
synthesis [35] account for the tumoral corticotrope
response.
The CRH-R1 receptor was expressed at variable levels
among specimens, confirming and extending findings
reported on a small number of adenomas [5, 6, 36]. In
detail, receptor binding studies had been performed in 5
adenomas, and considerable differences in the percentage
of 125I-hCRH-labeled cells among specimens had been
observed [37]. The CRH-R1 gene itself reportedly was not
mutated in ACTH-secreting pituitary adenomas [5]. CRH-
R1 expression in adenomatous specimens was modulated
by CRH itself, with a median twofold increase. These
results tally with data obtained by Northern blotting and
binding studies showing increased receptor expression and
continued responsiveness during incubation with CRH [38,
39]. In contrast, in normal anterior pituitaries, CRH down-
regulates CRH-R1 expression [38, 40] leading to receptor
desensitization and attenuation of the response to CRH
[35]. Thus, in adenomatous corticotropes, regulation of
CRH-R1 by CRH appears different from normal
Fig. 2 Correlation between POMC and ACTH in human ACTH-
secreting pituitary adenomas in unstimulated conditions (a), during
CRH (b) and during dexamethasone (c)
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physiology, a finding which may contribute to the robust
ACTH response to CRH in patients with Cushing’s disease.
Incubation with dexamethasone had diverging effects on
POMC expression. In fact, both decrease in POMC as well
as paradoxical increase in POMC expression were
observed. Previous studies on a dozen of cases reported
mean 20–40 % decreases in POMC during dexamethasone
although some specimens failed to inhibit [22, 33]. The
magnitude of our series allowed us to detect also para-
doxical increases in POMC during incubation with dex-
amethasone, a finding which may be in line with
paradoxical ACTH responses to other agents [26, 41] or to
dexamethasone itself [9]. From a clinical viewpoint, para-
doxical responses to high-dose dexamethasone testing have
been observed in patients with Cushing’s disease [42, 43].
Experiments in normal rat anterior pituitaries consistently
showed that dexamethasone reduces POMC expression
[44]; thus paradoxical increases in POMC/ACTH represent
a Cushing-specific derangement. Studies into corticosteroid
modulation of POMC in Cushing’s disease have shown that
Brg1 and HDAC2 protein expression in tumoral specimens
differs to some extent according to dexamethasone sensi-
tivity in vivo [3]. Further, additional contributors to the
different dexamethasone response are variable 11ßHSD
type 2 staining [4], Hsp90 expression [45], and—possi-
bly—a recently identified mediator of glucocorticoid
resistance in corticotropes, Cables1 [46].
As regards the glucocorticoid receptor, NR3C1 expres-
sion was evenly distributed among tumoral specimens,
without significant differences according to tumor size or
surgical outcomes. Further, the GRa isoform was far more
abundant than the truncated GRß isoform, as common in
most tissues [47] and shown by others in corticotrope
adenomas [28, 48, 49]. Studies in peripheral mononuclear
cells as well as other cells have shown that levels of GR
mRNA and protein are correlated with each other [47, 50],
and thus gene expression provides useful clues for receptor
abundance. Analysis of GR expression according to the
pattern of response to dexamethasone in vitro revealed that
NR3C1 as well as GR isoforms were more abundant in
specimens which failed to inhibit, a result which contrasts
with Mu et al. [48] and Dahia et al. [49]. The former
observed low levels of GRa in adenomas from 2 patients
who failed to inhibit after 8 mg dexamethasone, and the
latter failed to detect a correlation between GRa expression
and response to 8 mg dexamethasone. Different experi-
mental techniques, i.e., RT-PCR and quantification by
ethidium bromide versus quantitative RT-PCR, the small
number of samples as well as the mediocre correlation
between in vivo and in vitro dexamethasone sensitivity [9]
might explain the reported difference.
Lastly, ours is the first study to report on GR and CRH-
R1 regulation by corticosteroids in human corticotrope
adenomas. GRa expression was down-regulated by dex-
amethasone, as it occurs in most cells [51], at roughly the
same potency and time course observed in other tissues
[52, 53]. Likewise, regulation of CRH-R1 by corticos-
teroids in corticotrope adenomas appeared similar to nor-
mal pituitaries; indeed, we observed halving of CRH-R1
expression in corticotrope adenomas during incubation
with dexamethasone, much like changes observed in nor-
mal rat anterior pituitary [40]. Altogether, it appears that
glucocorticoid suppression of both GRa and CRH-R1 is
preserved in human corticotrope adenomas whereas glu-
cocorticoid-mediated POMC modulation is variably
altered. Divergent modulation of NR3C1 and POMC by
Fig. 3 POMC and CRH-R1 expression during incubation with 10 nM CRH (a) or 10 nM dexamethasone (b) in individual human ACTH-
secreting pituitary adenomas. Dashed line represents baseline expression
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glucocorticoids has been shown to occur in AtT-20 cells, a
murine tumoral corticotrope cell line [54], indicating dif-
ferent transcriptional interferences on these genes. It is
worth recalling that the glucocorticoid receptor acts in
concert with coactivators, chaperone proteins and chro-
matin-remodeling complexes in a tissue- and gene-specific
manner [55]. The finding that glucocorticoids modulate
NR3C1, CRH-R1, and POMC gene expression in a differ-
ent fashion suggests that these effectors play a major role in
corticotrope adenomas. Indeed, a recent study demon-
strated that inhibition of HSP90 enhances dexamethasone-
induced ACTH suppression in tumoral corticotropes [45].
In conclusion, our study reports on several novel fea-
tures of human corticotrope adenomas. Foremost, POMC
expression is variable among tumors and not correlated
with ACTH levels, and, further, may exhibit a paradoxical
increase during incubation with corticosteroids. It appears
therefore that factors other than POMC synthesis account
for ACTH release by tumoral cells and that POMC regu-
lation by glucocorticoids is subject to unique derange-
ments. Second, CRH-R1 and NR3C1 expression are not
linked to the expected responses pointing towards a pre-
eminent role of factors downstream to receptors them-
selves. These findings represent a starting point for future
research into the mechanisms regulating ACTH secretion
by human corticotrope adenomas.
Compliance with ethical standards
Conflict of interest The authors state that they have no conflict of
interest.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
References
1. F. Pecori Giraldi, Recent challenges in the diagnosis of Cushing’s
syndrome. Horm. Res. Paediatr. 71(1), 123–127 (2009)
2. M. Karl, G. von Wichert, E. Kempter et al., Nelson’s syndrome
associated with a somatic frame shift mutation in the glucocor-
ticoid receptor gene. J. Clin. Endocrinol. Metab. 81, 124–129
(1996)
3. S. Bilodeau, S. Vallette-Kasic, Y. Gauthier et al., Role of Brg1
and HDAC2 in GR trans-repression of the pituitary POMC gene
and misexpression in Cushing disease. Genes Dev. 20,
2871–2886 (2006)
4. T. Ebisawa, K. Tojo, N. Tajima et al., Immunohistochemical
analysis of 11-b-hydroxysteroid dehydrogenase type 2 and glu-
cocorticoid receptor in subclinical Cushing’s disease due to
pituitary macroadenoma. Endocr. Pathol. 19, 252–260 (2008)
5. K.D. Dieterich, E.D. Gundelfinger, D.K. Lu¨decke, H. Lehnert,
Mutation and expression analysis of corticotropin-releasing factor
1 receptor in adrenocorticotropin-secreting pituitary adenomas.
J. Clin. Endocrinol. Metab. 83, 3327–3331 (1998)
6. Y. De Keyzer, P. Rene´, C. Beldjord, F. Lenne, X. Bertagna,
Overexpression of vasopressin (V3) and corticotrophin-releasing
hormone receptor genes in corticotroph tumours. Clin. Endocri-
nol. 49, 475–482 (1998)
7. M. Fehn, M.A. Farquharson, D. Sautner et al., Demonstration of
pro-opiomelanocortin mRNA in pituitary adenomas and para-
adenomatous gland in Cushing’s disease and Nelson’s syndrome.
J. Pathol. 169, 335–339 (1993)
8. J.A. Evang, J. Bollerslev, O. Casar-Borota et al., Different levels
of various glucocorticoid-regulated genes in corticotroph adeno-
mas. Endocrine 44, 220–227 (2013)
9. F. PecoriGiraldi, L. Pagliardini, M.F. Cassarino et al., Responses
to CRH and dexamethasone in a large series of human ACTH-
secreting pituitary adenomas in vitro reveal manifold corticotroph
tumoural phenotypes. J. Neuroendocrinol. 23, 1214–1221 (2011)
10. L.K. Nieman, B.M.K. Biller, J.W. Findling et al., Diagnosis of
Cushing’s syndrome: an endocrine society clinical practice
guideline. J. Clin. Endocrinol. Metab. 93, 1526–1540 (2008)
11. L.K. Nieman, B.M. Biller, J.W. Findling et al., Treatment of
Cushing’s syndrome: an endocrine society clinical practice
guideline. J. Clin. Endocrinol. Metab. 100, 2807–2831 (2015)
12. F. Pecori Giraldi, E. Marini, E. Torchiana et al., Corticotrophin-
releasing activity of desmopressin in Cushing’s disease. Lack of
correlation between in vivo and in vitro responsiveness. J. En-
docrinol. 177, 373–379 (2003)
13. F. Pecori Giraldi, F. Cavagnini, Corticotropin-releasing hormone is
produced by rat corticotropes and modulates ACTH secretion in a
paracrine/autocrine fashion. J. Clin. Investig. 101, 2478–2484 (1998)
14. C.M. Berr, G. Di Dalmazi, A. Osswald et al., Time to recovery of
adrenal function after curative surgery for Cushing’s syndrome
depends on etiology. J. Clin. Endocrinol. Metab. 100, 1300–1308
(2015)
15. P.C. Avgerinos, G.P. Chrousos, L.K. Nieman et al., The corti-
cotropin-releasing hormone test in the post-operative evaluation
of patients with Cushing’s syndrome. J. Clin. Endocrinol. Metab.
65, 906–913 (1987)
16. F. Pecori Giraldi, S. Pesce, P. Maroni et al., Inhibitory effect of
preproTRH(178–199) on ACTH secretion by human corticotrope
tumours. J. Neuroendocrinol. 22, 294–300 (2010)
17. L. Ma, M. Fang, Y. Liang et al., Low expression of glucocorti-
coid receptor alpha isoform in adult immune thrombocytopenia
correlates with glucocorticoid resistance. Ann. Hematol. 92,
953–960 (2013)
18. H. Fukuoka, O. Cooper, A. Ben-Shlomo et al., EGFR as a ther-
apeutic target for human, canine, and mouse ACTH-secreting
pituitary adenomas. J. Clin. Investig. 121, 4712–4721 (2011)
19. L. Du, M. Bergsneider, L. Mirsadraei et al., Evidence for orphan
nuclear receptor TR4 in the etiology of Cushing disease. Proc.
Natl. Acad. Sci. U.S.A. 21, 8555–8560 (2013)
20. F.C. Amaral, N. Torres, F. Saggioro et al., MicroRNAs differ-
entially expressed in ACTH-secreting pituitary tumors. J. Clin.
Endocrinol. Metab. 94, 320–323 (2009)
21. L.G. Perez-Rivas, M. Theodoropoulou, F. Ferrau et al., The gene
of the ubiquitin-specific protease 8 is frequently mutated in
adenomas causing Cushing’s disease. J. Clin. Endocrinol. Metab.
100, E997–E1004 (2015)
22. T. Suda, F. Tozawa, M. Yamada et al., Effects of corticotropin-
releasing hormone and dexamethasone on proopiomelanocortin
messenger RNA levels in human corticotroph adenoma cells
in vitro. J. Clin. Investig. 82, 110–114 (1988)
23. M.C. White, E.F. Adams, M. Loizou, K. Mashiter, R. Fahlbusch,
Corticotropin releasing factor stimulates ACTH release from
Endocrine (2017) 55:853–860 859
123
human pituitary corticotropic tumour cells in culture. Lancet 1,
1251–1252 (1982)
24. T. Shibasaki, M. Nakahara, K. Shizume et al., Pituitary adenomas
that caused Cushing’s disease or Nelson’s syndrome are not
responsive to ovine corticotropin-releasing factor in vitro. J. Clin.
Endocrinol. Metab. 56, 414–416 (1983)
25. T. Suda, N. Tomori, F. Tozawa, H. Demura, K. Shizume, Effects
of corticotropin-releasing factor and other materials on adreno-
corticotropin secretion from pituitary glands of patients with
Cushing’s disease in vitro. J. Clin. Endocrinol. Metab. 59,
840–845 (1984)
26. L. Senovilla, L. Nu´n˜ez, J.M. De Campos et al., Multifunctional
cells in human pituitary adenomas: implications for paradoxical
secretion and tumorigenesis. J. Clin. Endocrinol. Metab. 89,
4545–4552 (2004)
27. L. Stefaneanu, K. Kovacs, E. Horvath, R.V. Lloyd, In situ
hybridization study of pro-opiomelanocortin (POMC) gene
expression in human pituitary corticotrophs and their adenomas.
Virchows Arch. A Pathol. Anat. Histopathol. 419, 107–113 (1991)
28. G. Raverot, A. Wierinckx, E. Jouanneau et al., Clinical, hormonal
and molecular characterization of pituitary ACTH adenomas
without (silent corticotroph adenomas) and with Cushing’s dis-
ease. Eur. J. Endocrinol. 163, 35–43 (2010)
29. G. Occhi, D. Regazzo, N.M. Albiger et al., Activation of the
dopamine receptor type-2 (DRD2) promoter by 9-cis retinoic acid
in a cellular model of Cushing’s disease mediates the inhibition
of cell proliferation and ACTH secretion without a complete
corticotroph-to-melanotroph transdifferentiation. Endocrinology
155, 3538–3549 (2014)
30. N.A. Liu, T. Araki, D. Cuevas-Ramos et al., Cyclin E-mediated
human proopiomelanocortin regulation as a therapeutic target for
Cushing disease. J. Clin. Endocrinol. Metab. 100, 2557–2564
(2015)
31. S. Gibson, D.W. Ray, S.R. Crosby et al., Impaired processing of
proopiomelanocortin in corticotroph macroadenomas. J. Clin.
Endocrinol. Metab. 81, 497–502 (1996)
32. M. Losa, R. Barzaghi, P. Mortini et al., Determination of the
proliferation and apoptotic index in adrenocorticotropin-secreting
pituitary tumors—comparison between micro-and macroadeno-
mas. Am. J. Pathol. 156, 245–251 (2000)
33. T. Suda, F. Tozawa, I. Dobashi et al., Corticotropin-releasing
hormone, proopiomelanocortin, and glucocorticoid receptor gene
expression in adrenocorticotropin-producing tumors in vitro.
J. Clin. Investig. 92, 2790–2795 (1993)
34. F.F. Wang, K.T. Tang, Y.S. Yen et al., Plasma corticotrophin
response to desmopressin in patients with Cushing’s disease
correlates with the expression of vasopressin receptor 2, but not
with that of vasopressin receptor 1 or 3, in their pituitary tumors.
Clin. Endocrinol. 76, 253–263 (2012)
35. G. Aguilera, M. Nikodemova, P.C. Wynn, K.J. Catt, Corti-
cotropin releasing hormone receptors: two decades later. Peptides
25, 319–329 (2004)
36. M. Grino, V. Guillaume, F. Boudouresque et al., Characterization
of corticotropin-releasing hormone receptors on human pituitary
corticotroph adenomas and their correlation with endogenous
glucocorticoids. J. Clin. Endocrinol. Metab. 67, 279–283 (1988)
37. R. Abs, G. Smets, G. Vauquelin et al., I-125-Tyr(0)-hCRH
labelling characteristics of corticotropin- releasing hormone
receptors: differences between normal and adenomatous corti-
cotrophs. Neurochem. Int. 30, 291–297 (1997)
38. Y. Sakai, N. Horiba, K. Sakai et al., Corticotropin-releasing
factor up-regulates its own receptor gene expression in corti-
cotropin adenoma cells in vitro. J. Clin. Endocrinol. Metab. 82,
1229–1234 (1997)
39. M. Grino, F. Boudouresque, B. Conte-Devolx et al., In vitro
corticotropin-releasing hormone (CRH) stimulation of
adrenocorticotropin release from corticotroph adenoma cells:
effect of prolonged exposure to CRH and its interaction with
cortisol. J. Clin. Endocrinol. Metab. 66, 770–775 (1988)
40. G. Pozzoli, L.M. Bilezikjian, M.H. Perrin, A.L. Blount, W.W.
Vale, Corticotropin-releasing factor (CRF) and glucocorticoids
modulate the expression of type 1 CRF receptor messenger
ribonucleic acid in rat anterior pituitary cell cultures.
Endocrinology 137, 65–71 (1996)
41. M. Pa´ez Pereda, P. Lohrer, D. Kovalovsky et al., Interleukin-6 is
inihibited by glucocorticoids and stimulates ACTH secretion and
POMC expression in human corticotroph pituitary adenomas.
Exp. Clin. Endocrinol. Diabetes 108, 202–207 (2000)
42. C. Invitti, F. PecoriGiraldi, M. De Martin, F. Cavagnini, the Study
Group of the Italian Society of Endocrinology on the Pathophysi-
ology of the Hypothalamic-Pituitary-Adrenal Axis, Diagnosis and
management of Cushing’s syndrome: results of an Italian multi-
centre study. J. Clin. Endocrinol. Metab. 84, 440–448 (1999)
43. D.P.M. van den Bogaert, W.W. De Herder, F.H. De Jong et al.,
The continuous 7-hour intravenous dexamethasone suppression
test in the differential diagnosis of ACTH-dependent Cushing’s
syndrome. Clin. Endocrinol. 51, 193–198 (1999)
44. J.R. Lundblad, J.L. Roberts, Regulation of proopiomelanocortin
gene expression in pituitary. Endocr. Rev. 9, 135–158 (1988)
45. M. Riebold, C. Kozany, L. Freiburger et al., A C-terminal HSP90
inhibitor restores glucocorticoid sensitivity and relieves a mouse
allograft model of Cushing disease. Nat. Med. 21, 276–280
(2015)
46. A. Roussel-Gervais, C. Couture, D. Langlais et al., The Cables1
gene in glucocorticoid regulation of pituitary corticotrope growth
and Cushing disease. J. Clin. Endocrinol. Metab. 101, 513–520
(2016)
47. L. Pujols, J. Mullol, J. Roca-Ferrer et al., Expression of gluco-
corticoid receptor a- and b-isoforms in human cells and tissues.
Am. J. Physiol. Cell Physiol. 283, C1324–C1331 (2002)
48. Y.M. Mu, R. Takayanagi, K. Imasaki et al., Low level of glu-
cocorticoid receptor messenger ribonucleic acid in pituitary
adenomas manifesting Cushing’s disease with resistance to a high
dose-dexamethasone suppression test. Clin. Endocrinol. 49,
301–306 (1998)
49. P.L.M. Dahia, J. Honegger, M. Reincke et al., Expression of
glucocorticoid receptor gene isoforms in corticotropin-secreting
tumors. J. Clin. Endocrinol. Metab. 82, 1088–1093 (1997)
50. A. Hagendorf, J.W. Koper, F.H. De Jong et al., Expression of the
human glucocorticoid receptor splice variants a, b and P in
peripheral blood mononuclear leukocytes in healthy controls and
in patients with hyper- and hypocortisolism. J. Clin. Endocrinol.
Metab. 90, 6237–6243 (2005)
51. J.D. Turner, S.R. Alt, L. Cao et al., Transcriptional control of the
glucocorticoid receptor: CpG islands, epigenetics and more.
Biochem. Pharmacol. 80, 1860–1868 (2010)
52. K.L. Burnstein, C.M. Jewell, J.A. Cidlowski, Human glucocor-
ticoid receptor cDNA contains sequences sufficient for receptor
down-regulation. J. Biol. Chem. 265, 7284–7291 (1990)
53. M. Shimojo, N. Hiroi, F. Yakushiji et al., Differences in down-
regulation of glucocorticoid receptor mRNA by cortisol, pred-
nisolone and dexamethasone in HeLa cells. Endocr. J. 42,
629–636 (1995)
54. E. Vig, T.J. Barrett, W.V. Vedeckis, Coordinate regulation of
glucocorticoid receptor and c-jun mRNA levels: evidence for
cross-talk between two signaling pathways at the transcriptional
level. Mol. Endocrinol. 8, 1336–1346 (1994)
55. M.D. Heitzer, I.M. Wolf, E.R. Sanchez, S.F. Witchel, D.B.
DeFranco, Glucocorticoid receptor physiology. Rev. Endocr.
Metab. Disord. 8, 321–330 (2007)
860 Endocrine (2017) 55:853–860
123
